The aim of this study was to investigate the production characteristics of large soybean oil droplets dispersed in an aqueous solution containing an emulsifier using newly designed microchannel emulsification (MCE) chips. The silicon MCE chips consisted of numerous asymmetric through holes with a characteristic cross-sectional size of 20 m to 50 m, each consisting of a microslot and a circular microchannel (MC). MCE using such chips enabled the stable production of uniform large droplets with average diameters of 75 m and 179 m respectively, and a coefficient of variation below 2%. The detachment behavior of the large droplets generated from the asymmetric through holes was analyzed and discussed based on results obtained by real-time optical microscopy. The size of droplets smaller than 100 m was independent of the flow rate of the cross-flowing continuous phase (Q c ) applied in this study. In contrast, the size of droplets larger than 100 m became sensitive to Q c in its range over a critical value. Large droplets with a very narrow size distribution were obtained at dispersed phase fluxes (J d ) of 50 L m -2 h -1 or less, whereas their average diameters were somewhat dependent on J d .
Introduction
Large droplets with sizes of 50 to 1000 μm dispersed in another immiscible liquid are thermodynamically unstable. They can be stabilized by emulsifier molecules dissolved in a continuous phase for a finite period of time. Liquid-liquid dispersions consisting of large droplets are usually used as templates for producing microparticles and microcapsules through gelation, polymerization, and other secondary reactions or processes in the food and pharmaceutical industries. In particular, monodisperse microparticles and microcapsules, which require uniform large droplets as templates, are useful microcarriers for micron-scale biological materials, having a high potential for controlled release of the bioactive substances yielded inside the micromaterials. To date, uniform large droplets have been applied to produce seamless microcapsules containing lactobacilli [1] and gel microbeads containing living cells [2] .
In practice, a single nozzle set in a flow channel is used to produce uniform large droplets with sizes exceeding 200 m [1, 3] . In this technique, a dispersed phase that has passed through a nozzle is injected into a coflowing continuous phase, and droplets are generated individually. The size of the generated large droplets can be uneven in a droplet production setup [3] , indicating that their size is sensitive to the flow rates of both phases. It is also challenging to parallelize nozzles in a single setup. Vladisavljevi and Williams recently reported that rotating-membrane emulsification is capable of producing uniform large droplets with sizes of 100 m by injecting a dispersed phase through a rotating cylindrical membrane with laser-drilled pores into a continuous-phase region [4] . The resultant droplet size depends greatly on the rotating speed of the membrane used and is considered to be sensitive to the flow rates of both phases. It is necessary to note that the continuous phase suitable for this technique is restricted to viscous liquids with an apparent viscosity of >100 mPa s, which would be useful for cosmetic applications.
In the late 1990s, the authors' group proposed a promising technique for producing uniform droplets called microchannel emulsification (MCE) [5] . Droplet production for MCE is performed by injecting a dispersed phase through an MC array consisting of parallel microgrooves and a slit-like terrace into a well filled with a continuous phase. MCE has a unique droplet generation process based on spontaneous transformation of the dispersed phase that passes through the MCs in the absence of a cross-flowing continuous phase [6] . This spontaneous droplet generation is robust, since the resultant droplet size is basically not sensitive to the flow rate of either phase [7, 8] . Kobayashi et al. recently developed MCE chips with microfabricated through holes, aimed at higher droplet productivity [9, 10] . These novel MCE chips have demonstrated the production of uniform droplets of vegetable oil at a maximum flux of 60 L m -2 h -1 [9] . Kobayashi et al. also reported that an MCE chip with asymmetric through holes can stably produce uniform droplets, especially for low viscosity fluids [10] . Existing MCE chips can produce uniform large droplets with sizes of 2 to 100 m; however, these high-performance chips with asymmetric through holes were designed for producing uniform droplets smaller than 50 m. It is expected that uniform large droplets would be stably and efficiently produced using MCE chips with asymmetric through holes whose dimensions have been appropriately enlarged. Moreover, producing uniform large droplets by MCE chips have potential useful applications in various industries including food.
This study seeks to investigate the production characteristics of large oil droplets using newly designed MCE chips with microfabricated asymmetric through holes. A model oil-in-water system consisting of refined soybean oil and an aqueous solution containing an emulsifier was chosen for this study. The effects of the size of the asymmetric through holes and the flow rates of the two phases were investigated to demonstrate the production of uniform large droplets, controllable in size and quantity. The dropletgeneration and droplet-detachment characteristics were also analyzed and discussed.
Materials and Methods
The 24 24-mm MCE chip (WMS3) used in this study is depicted in Fig. 1a . Asymmetric through holes, each consisting of a microslot and a circular MC, were compactly arranged within a 10 10-mm central area of the chip (Figs. 1a and 1b). Three types of MC arrays with the dimensions presented in Table 1 were designed for this study. The WMS3 chips were made of single-crystal silicon, and the MC arrays were fabricated by deep reactive ion etching (DRIE) [10] . As demonstrated in Fig. 1c , the fabricated asymmetric MCs were of uniform size. The dispersed phase used was refined soybean oil (Wako Pure Chemical Ind., Osaka, Japan). The continuous phase used was a Milli-Q water solution containing 1.0 wt% of polyoxyethylene (20) sorbitan monolaurate (Tween 20, Wako Pure Chemical Ind.).
The MCE setup used in this study consists of a custom-made module equipped with a WMS3 chip, syringe pumps (Model 11, Harvard Apparatus, Massachusetts, USA) equipped with glass syringes, and an optical microscopy system [9] . Prior to module assembly, a chip soaked in the continuous phase was degassed with ultrasonication at 100 MHz. During module assembly, the chip was mounted in a holder filled with continuous phase, and two channels for flowing fluids were formed inside the module. A syringe pump was filled with each fluid, and the fluid was introduced into the module via a flexible plastic tube with an inner diameter of 2.0 mm. The continuous phase in the channel beneath the chip was replaced by pressurized dispersed phase. Afterward, the dispersed phase was injected through asymmetric MCs into a continuous-phase area over the chip to generate droplets. Droplet generation from the outlets of the microslots was monitored in real time. The flow rate of the dispersed phase (Q d ) was controlled in a range between 1.0 mL h -1 and 12.0 mL h -1 . The flow rate of the continuous phase (Q c ) was controlled in a range between 0 mL h -1 and 1000 mL h -1 . MC emulsification was carried out at 25 ± 1°C. The number average diameter of the produced droplets was determined by measuring 100 droplets using image analysis software (WinRoof version 5.6, Mitani Co., Ltd., Fukui, Japan). Their coefficient of variation (CV), which we used as an index expressing the droplet size distribution, was calculated by the following equation: CV = ( /d av,dr ) 100
where CV is the coefficient of variation of the droplets, is the standard deviation of the droplets, and d av,dr is the number-average droplet diameter. When the effect of Q c was investigated, the droplet diameter (d dr ) was determined by averaging the diameters of ten droplets generated from a microslot positioned at the center of the most upstream row in an MC array.
Results and Discussion
Droplet production using WMS3 chips was investigated with a Q d of 1.0 mL h -1 and a Q c of 0 mL h -1 or 50 mL h -1 . Figure 2a presents a typical micrograph of droplet generation from the microslots using the WMS3-1 chip. Uniform oil droplets were periodically generated via MC arrays. Droplets were also generated in the absence of a cross-flowing continuous phase, which strongly suggests that the dispersed phase that passed through the microslots transformed spontaneously into droplets in the continuous phase area. This droplet generation process is a fundamental and unique feature of MCE, as previously reported by Sugiura et al. [6] . Optical microscopy also demonstrated that droplets were generated from almost all of the microslots. The size of the resultant droplets increased as the shorter width of microslots increased (Figs. 2b to 2d ), since their depth (h slot ) was the same for all the WMS3 chips (Table 1) . d av,dr for the resultant O/W emulsions was 75.1 m for WMS3-1, 118.7 m for WMS3-2, and 178.5 m for WMS3-3. The droplet/slot size ratio (d av,dr /w s,slot ) fell between 3.6 and 4.0, which would be reasonable for MCE using vegetable oil-in-water systems. Although w s,slot is a dominant factor in determining the size of the droplets generated by MCE, it is necessary to consider that h slot /w s,slot also affects the droplet size to some extent [11] . The produced droplets with CV values of 1.4% to 1.9% had very narrow size distributions with a monomodal peak ( Figs. 2b to 2d) . The preceding results demonstrate that the MCE chips developed in this study can generate uniform large droplets with a maximum size of about 180 m dispersed in a continuous phase.
The generated droplets remained attached to the chip surface until the next advancing dispersed phase in the microslot pushed them away. The dispersed phase expanding from the slot outlet was attached to the chip surface. Following that, droplet generation was completed by the instantaneous pinch-off of the neck inside the microslot. The generated droplet remained attached to the chip surface, which can be explained as follows. The MCE chips used here have a negative surface potential due to the presence of silanol groups on a silicon dioxide layer, whereas the oil droplets stabilized by a nonionic Tween 20 have a negligible charge. The weak repulsive force between the droplet surface and the chip surface leads to droplet attachment. Although the next advancing disk of the dispersed phase touched the generated droplet, no coalescence occurred during the experiments. To investigate the effect of Q c , MC emulsification using WMS3 chips was conducted while varying Q c between 50.0 mL h -1 and 1,000 mL h -1 . Q d was fixed at 1.0 mL h -1 during the emulsification. Figure 3 illustrates the effect of Q c on the diameter of the produced large droplets. The resultant droplet diameter (d dr ) for WMS3-1 remained almost constant in the Q c range investigated here, which is similar to the previous MCE results for generating soybean oil droplets with d av of nearly 30 m and around 50 m [9, 12] . d dr values for WMS3-2 and -3 were also unchanged in Q c ranges below the critical values (500 mL h -1 for WMS3-2 and 400 mL h -1 for WMS3-3) but decreased somewhat in the Q c ranges above the critical values. d dr values at a maximum Q c of 1,000 mL h -1 were about 5 m lower than those at a control Q c of 50 mL h -1 . In other words, the droplet volume decreased by up to 12% over the critical Q c . Thus, the cross-flowing continuous phase was found to be a factor affecting the droplet size when large droplets with d dr of >100 m are generated at high Q c . Large droplets with broader size distributions might be generated via an MC array with Q c above the critical value, which is due to the parabolic distribution of the continuous phase velocity over the chip surface. However, the critical Q c values were sufficiently high to appropriately sweep away the droplets from the outlet of an MC array; therefore, uniform large droplets can be collected from the module by applying Q c below the critical value. The effect of Q d on the size and size distribution of the produced droplets was investigated using a WMS3-2 chip. Q c was fixed at 50 mL h -1 during MC emulsification. As can be seen in Fig. 4, d av,dr was somewhat influenced by Q d , ranging from 117.6 m to 130.8 m. Large oil droplets of a very narrow size distribution with CV below 2% were obtained at Q d of 5 mL h -1 or less (Fig. 4) ; however, further increase in Q d caused an increase in the CV values of the resultant droplets. For Q d above the critical value of 5.0 mL h -1 , larger droplets were also generated, and the droplet size distribution became wider toward the larger-size area. The droplet-generation frequency per an MCE chip (v chip ) at a given Q d can be estimated by:
where V av,dr is the average droplet volume. The v chip at the critical Q d was 5.0 10 6 h -1 , corresponding to 1.4 10 3 s -1 . The droplet generation frequency from a given microslot in this case was calculated to be 0.67 s -1 . The critical Q d value is equal to a dispersed-phase flux (J d ) of 50 L m -2 h -1 , which is of the same order of magnitude as the critical J d of a previous MC emulsification chip used for producing monodisperse soybean oil-in-water emulsions with d av,dr of around 30 m [9] . This J d value also indicates that uniform droplets are generated via an MC array with high efficiency. The results obtained in this section demonstrate that the WMS3-2 chip has sufficient capacity to generate uniform large droplets on a laboratory scale. 
Conclusions
This paper demonstrates that uniform large droplets with sizes as large as 180 m and CV below 2% were stably produced using new MCE chips with microfabricated asymmetric through holes. The size of the resultant large droplets was controlled by the cross-sectional size of the microslots. The results obtained in this study also clarified that it is necessary to consider the effect of Q c on the droplet size, especially for large droplets with sizes exceeding 100 m. One MCE chip (WMS3-2) designed for this study was capable of producing uniform large droplets of vegetable oil with a maximum J d equivalent to that of a previous MCE chip used for producing smaller droplets. Although this chip permits the laboratory-scale production of uniform large droplets, its scaling-up and parallelization must be performed to achieve practical-scale production.
